ABSTRACT: Electroreduction of diazonium salts is a widely used technique for grafting organic films on various surfaces. In this paper, scanning electrochemical microscopy (SECM) was used for highresolution characterization of a thiolated aryl multilayer film obtained by electrografting of thiophenol diazonium on highly ordered pyrolytic graphite (HOPG). The blocking properties of the film were evaluated, and the origins of incomplete surface passivation were elucidated by comparing current−distance curves and surface reactivity maps obtained with nanometer-and micrometer-sized tips. In this way, one can distinguish between different pathways of charge transport in the film, e.g., pinhole defects versus rate-limiting charge transfer through the film. Pd nanocubes were anchored to the film by thiol groups and imaged by SECM. The applicability of SECM to in situ visualization of the geometry of non-spherical nanoparticles has been demonstrated.
■ INTRODUCTION
Since the pioneering work of the Saveánt group, 1 the surface modification via electroreduction of diazonium salts has been the focus of considerable research activity. 2 This approach offers important advantages, including its high efficiency, robustness and chemical stability of the produced films, flexible strategies, and applicability to diverse substrates. The possibility of using diazonium cations with different substituent groups enables the preparation of surfaces with broad chemical and/or physical properties. The covalently bonded films are potentially useful for corrosion protection, 3 nanoelectronics, 4 sensors, 5 and energy storage. 6 The attachment of an aryldiazonium film passivates the substrate and significantly decreases the electron transfer (ET) rate between its surface and the redox species in solution, as revealed by a decrease in the peak current and an increase in the peak potential separation in cyclic voltammograms (CVs). However, the origin and extent of the passivation remain controversial, and the published data are not consistent. The blocking properties are affected by such factors as the nature of solvent and electrolyte, pH value, film thickness 7 and compactness, and hydrophilic/hydrophobic interactions between the film and redox probe. 8 The Beĺanger group 7 investigated the blocking effect of the electrografted 4-diazo-N,N-diethylaniline film on four different ET reactions as a function of solution pH and presented convincing evidence for the significance of the electrostatic repulsion. However, the blocking was very strong for Fe(CN) 6 3/4− species and almost negligible for the faster IrCl 6 2/3− couple, regardless of the film charge, thus pointing to the importance of the ET kinetics. At the same time, the very fast ET involving Ru(NH 3 ) 6 3/2+ was significantly inhibited at low solution pH. The very strong blocking effect of both electrografted 7 and spontaneously adsorbed 9 films on oxidation/reduction of Fe(CN) 6 3/4− was attributed to surface sensitivity of this reaction involving chemisorption. This explanation is not entirely clear because strong adsorption of Fe(CN) 6 3/4− on carbon surfaces has not yet been reported. Moreover, this reaction produces welldefined quasi-reversible voltammograms at nanometer-sized electrodes, which is not the case for processes involving adsorbed reactants or intermediates (e.g., oxygen reduction reaction or dopamine oxidation).
Another open question is about the mechanism of the charge transport across the diazonium film, whose typical thickness of a few nanometers 10 (or more 11 ) is too large for direct electron tunneling. The proposed pathways include electron hopping 12 and mediated charge transfer. 13, 14 The charge propagation through various defects, including large (sub-micrometer) defects and pinholes (i.e., meso-or macropores 15 ) has been suggested in several publications. 13−16 However, the direct evidence of pinholes [e.g., in atomic force microscopy (AFM) images 16 ] is scarce, 2 and in most cases, their presence was inferred from electrochemical responses of the studied films. The reported effect of the redox probe hydrophobicity on the effective ET distance 8 pointed to the possibility of ion penetration into the multilayer.
The scanning electrochemical microscopy (SECM) methodologies have previously been developed to evaluate the mechanisms of charge-transfer processes at modified electrodes and measure the rates of charge/mass transport across the surface film. 17−23 In a feedback mode SECM experiment ( Figure 1A ), a micrometer-or nanometer-sized tip electrode approaches the aryldiazonium-modified substrate surface. The electrolyte contains an electroactive mediator [e.g., ferrocenemethanol (Fc)], and the tip potential (E T ) is such that the mediator oxidation (or reduction) occurs at a rate governed by diffusion. When the separation distance (d) becomes comparable to the tip radius (a), the oxidized form of the mediator (Fc + ) produced at the tip surface can be reduced at the substrate, producing the increase in the tip current (i T ) with decreasing d (positive feedback). The i T can be recorded as a function of d (approach curve) or tip x−y position (imaging). If the mediator regeneration at the sample is too slow, the tip current decreases with decreasing d because of hindered diffusion of redox species (negative feedback). The smaller the tip, the faster the mass transfer in the tip/substrate gap, and the higher mediator regeneration rate at the substrate is required to produce a measurable positive feedback current.
It was shown previously 18, 19 that an i T versus d curve obtained with a tip approaching a partially blocked conductive substrate can be fitted to the SECM theory for finite heterogeneous kinetics at the substrate. The effective heterogeneous charge-transfer rate constant extracted from such a fit can be interpreted in the context of a specific mechanism of the interfacial ET and charge propagation across the film. For a partially blocking monolayer film containing no redox centers, the effective rate constant was presented as a combination of ET through the pinhole defects (k pin ) and direct tunneling (k direct )
where θ pin is the fractional area of the pinholes in the film. In the case of a multilayer film, k direct = 0, and eq 1 has to be modified, as discussed below. SECM has been employed in quantitative studies of blocking properties of aryldiazonium films. 2,9,13−15 In addition to measuring the charge transfer through the film, SECM can provide spatially resolved information about variations in barrier properties and detect defects. The previously reported experiments were carried out with micrometer-sized SECM tips that were too large for detecting nanoscale pinholes. In this paper, we employ nanoelectrode tips to improve the spatial resolution, increase the mass-transfer rate, and, thus, characterize the weak blocking effect that may not be apparent from microelectrode experiments (e.g., there was no appreciable difference between the approach curves obtained using a micrometer tip and Ru(NH 3 ) 6 3/2+ redox mediator at a glassy carbon substrate before and after its modification with aryldiazonium. 9 ) We have recently employed aryldiazonium films for immobilizing spherical gold nanoparticles (AuNPs) on carbon surfaces. 24, 25 The films showed very stable and uniform negative SECM feedback, and a positive feedback current produced by the nanoparticles was easy to measure against this background. Although the mediator regeneration at the diazonium-modified highly ordered pyrolytic graphite (HOPG) was slow, 24, 25 those experiments were performed with an unbiased (i.e., floating) substrate and the extent of surface passivation was not evaluated.
Nanoscale lateral resolution of SECM makes it suitable for experiments at single nanoparticles. 26, 27 Several groups employed hybrid techniques (i.e., SECM−scanning ion conductance microcopy (SICM) 28, 29 and SECM−AFM 30, 31 ) for probing individual immobilized nanoparticles. The lateral resolution of SECM imaging in ref 24 was sufficiently high to obtain topographic images of 10 and 20 nm AuNPs. Later, 25 the methodology was developed for evaluating the radius of a spherical nanoparticle from SECM approach curves. Here, we show that SECM can also be used to evaluate the geometry of non-spherical nanoparticles, i.e., Pd nanocubes.
■ EXPERIMENTAL SECTION
Chemicals. Ferrocenemethanol (97%, Sigma-Aldrich) was sublimed before use. Potassium chloride (Sigma-Aldrich), sodium nitrite (99.999%, Alfa Aesar), potassium ferrocyanide(II) trihydrate (99%, Sigma-Aldrich), hexaammineruthenium(III) chloride (99%, Strem Chemicals), 4-aminothiophenol (≥99%, Sigma-Aldrich), and 4-aminobenzoic acid (≥99%, Sigma-Aldrich) were used as received. Aqueous solutions were prepared using deionized water from the Milli-Q Advantage A10 system (Millipore) equipped with Q-Gard T2 Pak, a Quantum TEX cartridge and a VOC pak. The total organic carbon (TOC) was <1 ppb. HOPG (ZYB grade) was purchased from K-Tek Nanotechnology.
Pd Nanocubes. Cetyltrimethylammonium bromide (CTAB)-capped Pd nanocubes with the edge length of ∼14 nm were synthesized in the Matsui's laboratory (Hunter College), as described previously. 32 The solutions of Pd nanocubes were stored at 0−5°C. Electrochemical Experiments. Voltammograms were obtained using a BAS 100B electrochemical workstation (Bioanalytical Systems). A three-electrode cell was employed for electrochemical measurements, including cyclic voltammetry and electrografting. The HOPG (∼0.2 cm 2 surface area) served as a working electrode with a 0.5 mm diameter Pt wire employed as a counter electrode and an Ag/ AgCl wire reference. All experiments were carried out at room temperature (22−25°C) inside a Faraday cage. SECM Tips. Pt micro-and nanoelectrodes were fabricated as described previously. 33 Briefly, disk-type electrodes were prepared by pulling 25 or 50 μm diameter annealed Pt wires (Goodfellow) into borosilicate capillaries (Drummond; outer diameter, 1.0 mm; inner diameter, 0.2 mm) with the help of a P-2000 laser puller (Sutter Instrument Co.). The pulled nanoelectrodes were polished on a 50 nm alumina disk (Precision Surfaces International) under video microscopic control. The electrode radius was evaluated from AFM images and steady-state voltammograms. The RG value (i.e., the ratio of the glass insulator radius to that of the Pt disk) was between 6 and 15. Appropriate protection was used to avoid electrostatic damage to the nanotips. 34 SECM Setup. SECM experiments were carried out using a homebuilt instrument, which was described previously. 24 To obtain an approach curve, the tip electrode was first positioned about 100 μm above the HOPG substrate. To avoid crashing, this process was monitored with a long-distance video microscope. Then, the tip was moved closer to the substrate in the automated "surface hunter" mode until the tip current produced by oxidation of Fc either increased (positive feedback) or decreased (negative feedback) by ∼10%. The tip current was collected during the subsequent fine approach or imaging. Surface Modification of HOPG. HOPG was freshly cleaved before each experiment using Scotch tape. Organic films were formed in 0.5 M HCl aqueous solution containing 20 mM 4-aminothiophenol and 40 mM (2 equiv) sodium nitrite. Figure 2A shows a CV of the reduction of in situ generated thiophenol diazonium (TPD). The CV shape is characteristic of the diazonium reduction, as reported previously. 2 The first cycle represents the reduction of diazonium ion to aryl radical (Scheme 1). The subsequent covalent attachment of the radicals to the surface passivates it and greatly diminishes the faradaic current in the second cycle. The obtained film ( Figure 2B ) is a multilayer of disorganized benzene rings. 21 To immobilize the Pd nanocubes, a 600 μL drop of solution containing the nanocubes was placed on the HOPG/TPD surface for 6 h. The substrate was then rinsed with water and imaged by AFM to check the density of nanocubes on the surface.
AFM, Scanning Electron Microscopy (SEM), and Transmission Electron Microscopy (TEM) Imaging. An XE-120 scanning probe microscope (Park Systems) with a PPP-NHCR probe was employed for non-contact imaging of modified HOPG, nanoparticles, and nanoelectrodes. The procedures for AFM imaging of nanoelectrodes were reported previously. 35 TEM images were obtained using a JEOL 1200 EX transmission electron microscope. Pd nanocubes were dried onto a carbon-coated copper grid. SEM images of Pd nanoparticles on HOPG were obtained with a Zeiss Supra 55 VP scanning electron microscope with a 5 kV gun voltage.
■ RESULTS AND DISCUSSION
Charge Transfer across TPD Films. The barrier properties of the film were evaluated from CVs obtained at the HOPG electrode before (black curves in Figure 3 ) and after (red curves in Figure 3 ) electrografting of TPD. The CVs in Figure 3 were obtained with three different redox mediators: (A) ferrocyanide, (B) Fc, and (C) hexaammineruthenium. In agreement with the literature data, 2 the ET between HOPG and Fe(CN) 6 3/4− species was strongly inhibited by this electrically neutral film. The blocking effect of the film on much faster ET processes involving Fc + /Fc or Ru(NH 3 ) 6 3/2+ was also significant. This is different from the previously reported experiments, where the oxidation/reduction of Ru(NH 3 ) 6 
3/2+
was essentially unaffected by either electrografted 7 or adsorbed 9 neutral aryldiazonium films. In our experiments, the blocking effect of TPD films was stronger than that produced by electrografting of either aminomethylbenzenediazonium or carboxylbenzenediazonium.
More detailed information about surface passivation was obtained using SECM. With the ferrocyanide mediator, the ET reaction was hindered so strongly that only a pure negative feedback was obtained in SECM experiments (not shown). Figure 4 shows the approach curve obtained at the TPDmodified HOPG with the Fc mediator. The tip radius, a = 1.2 μm, was obtained from the diffusion-limiting current (i T,∞ ) in the steady-state voltammogram (inset in Figure 4 ) using eq 2 =
where F is the Faraday constant, D = 7.8 × 10 −6 cm 2 /s 33 and c = 1 mM are the diffusion coefficient and the concentration of Fc.
The experimental approach curve (symbols in Figure 4 ) was fitted to the theory (eq 6 in ref 36) to extract the effective rate constant for the Fc regeneration at the substrate, k eff = 0.22 cm/s. This value is about 2 orders of magnitude smaller than the lower limit for the formal rate constant (k°′ > 17 cm/s) measured recently for a ferrocene species, (ferrocenylmethyl)-trimethylammonium, at HOPG in aqueous KCl solution. 37 Keeping in mind that the k eff value extracted from Figure 4 corresponds to E S = −0.1 V versus Ag/AgCl, which is about 0.2 V more negative than the formal potential of Fc (see inset in Figure 4 ), this rate constant is at least 5000 times lower than the value expected at the bare HOPG surface. The SECM images of TPD-modified HOPG substrates obtained with micrometer-sized tips and Fc mediator were featureless, corresponding to the uniform electrochemical reactivity of the modified substrate on the micrometer scale ( Figure 5A ). This observation also points to the absence of large (i.e., micrometer-or sub-micrometer-sized) defects in the film that would be observable in such images.
Four approach curves to the TPD-modified HOPG substrate in Figure 6 were obtained under the same experimental conditions as in Figure 4 , except for a much smaller tip electrode (a = 60 nm). Although the shape of these curves is markedly different from the curve in Figure 4 (i.e., the current decreases with decreasing d), the extracted effective rate constants (0.17−0.18 cm/s) are similar to the 0.22 cm/s value found with a micrometer-sized tip. These data along with very similar k eff values found at four different spots suggest that the film reactivity is uniform on the spatial scale of tens of nanometers. This finding is consistent with the 1 × 1 μm 2 image obtained with the 80 nm radius tip that shows uniformly negative feedback ( Figure 5B ; i T,∞ = 24 pA) and no evidence of defects with the size comparable to the tip radius.
A much higher resolution 50 × 50 nm 2 HOPG/TPD image ( Figure 5C ) obtained with a 16 nm tip is flat and featureless. The tip current was very stable, with the maximum variation of <0.2 pA, and showed a significant negative feedback (i T,∞ = 4.8 pA). With the tip of this size, one should be able to detect ∼2− 3 nm radius defects. 38 No such features can be seen in Figure  5C and several other images obtained with similarly sized tips (not shown). The same conclusion can be drawn from the 1 × 1 μm 2 non-contact AFM image of the same film ( Figure 2B ), showing the film roughness of ≤1 nm and no identifiable defects. The apparent rate constant for Ru(NH 3 ) 6 3/2+ extracted from the fit of the experimental approach curve (symbols in Figure  7 ) to the theory (solid line) was 0.065 versus ∼0.2 cm/s for Fc. This lower k eff was obtained at ∼50 mV higher overpotential value, as compared to that in Figures 4 and 6 . The formal heterogeneous rate constants measured for Ru(NH 3 ) 6 3+ reduction at either Pt or Au nanoelectrodes were somewhat higher than that of Fc oxidation. 33 Overall, the blocking effect of the TPD film toward the Ru(NH 3 ) 6 3/2+ mediator was somewhat stronger than that measured with the Fc species.
At the level of a few nanometers lateral resolution attained in this work, the rate of charge propagation through the TPD film appears to be uniform and no individual defects or pores could be detected. Unlike charged aryldiazonium multilayers investigated in previous studies, 7, 9 TPD films are electrically neutral and the origin of ET blocking is not electrostatic. The comparable rate constants measured for a hydrophilic [Ru-(NH 3 ], suggest that the hydrophilicity of the mediator is not a major factor determining the magnitude of the blocking effect.
The decreased surface area available for ET at modified HOPG should result in the lower effective heterogeneous rate constant, k eff = (1 − θ)k f , where θ is the surface coverage and k f is the rate constant of the mediator regeneration at bare HOPG biased at the same potential. For the k eff to be about 3−4 orders of magnitude smaller than k f [as measured above for Ru(NH 3 ) 6 3+ and Fc], the surface coverage has to be higher than 99.9%. Such a coverage can be expected for highly ordered films (e.g., thiol monolayers on Au) rather than aryl multilayers, which are known to be less compact. The observed blocking effect is likely increased by slow charge propagation through the film, whose rate can be expressed by the permeability coefficient, P = KD f /l f , where D f is the diffusion coefficient in the film, K is the solution-to-film partition coefficient of the redox species, and l f is the film thickness. Under steady-state conditions, eq 3 (instead of eq 1 applicable to a blocking monolayer) can be used to describe the combined effects of the decreased surface area available for ET and slow charge propagation through the film on the effective rate constant measured by SECM (k eff )
where the factor 2 reflects the fact that the mediator has to cross the film twice to produce the SECM feedback. Because of the slow physical diffusion of ions in the film, D f is likely to reflect the electron hopping rate, 12 which is determined by the self-exchange rate constant (k ex ). 40 Although the K, D f , and l f values required for the evaluation of P are not available, the magnitude of the film blocking effect toward different mediators can be understood from semi-quantitative analysis of eq 3. For Fe(CN) 6 3/4− , both k°and k ex (240 M −1 s −1 41 ) are much smaller than for two other redox mediators used in this study, resulting in an immeasurably slow k eff . The aforementioned somewhat stronger blocking effect of the TPD film toward the Ru(NH 3 ) 6 3/2+ mediator than toward Fc species should be related to the difference in their k ex values [i.e., 3 × 10 3 M −1 s −1 for Ru(NH 3 ) 6 3/2+ 42 and 9 × 10 6 M −1 s −1 for SECM Imaging of Pd Nanocubes Attached to a HOPG/ TPD Substrate. A TEM image in Figure 8A shows that Pd nanocubes employed in electrochemical experiments were reasonably uniform, with the edge length of 14 ± 2 nm.
Unlike our previous experiments with AuNPs electrostatically attached to negatively charged polyphenylene films, 24, 25 Pd nanocubes were anchored to the HOPG/TPD surface by thiol groups. A SEM image in Figure 8B shows that this immobilization protocol produced mostly non-aggregated and well-separated nanocubes. Although the spatial resolution in Figure 8B is not sufficiently high to determine the exact size of the particles, it appears to be under 20 nm. The corresponding AFM image ( Figure 8C ) also shows well-separated individual nanoparticles. The apparent nanoparticle height of ∼12 nm is close to that found from TEM images, suggesting that the cubes may only be slightly buried in the polyphenylene layer, while a significantly larger lateral nanoparticle size (∼60 nm) in the image is due to the tip convolution effect, as discussed earlier. 24, 44 The nanoparticles in Figure 8C do not look rectangular because of the limited lateral resolution.
The nanocubes were electrically connected to the HOPG surface and showed catalytic activity toward proton reduction, as seen from CVs recorded in perchloric acid ( Figure 9 ). The hydrogen adsorption and oxygen peaks are evident in CV obtained at the electrode decorated with Pd nanocubes (green curve) but not in those obtained at bare HOPG (black curve) and HOPG modified with the TPD film (red curve). The ∼500 mV shift of the hydrogen evolution wave is very large, keeping in mind a low density of Pd nanocubes on the HOPG surface and the presence of the CTAB capping agent, which is known to diminish the catalytic activity of nanoparticles.
The 200 × 200 nm 2 constant-height SECM image obtained with a 13 nm radius tip in a 1 mM Fc solution ( Figure 10A) shows positive feedback over three Pd nanocubes and negative feedback over the TPD film (i T,∞ = 3.9 pA). As discussed earlier, 24 significant positive feedback obtained at an unbiased macroscopic substrate with a low density of anchored nanoparticles ( Figure 1B ) points to efficient ET between the Pd nanocubes and HOPG surface.
A slightly smaller tip (a = 10 nm) was used to zoom in on a single Pd cube ( Figure 10B ). The 25 × 25 nm image shows a parallelepipedal nanoparticle with ∼13 × 13 nm base in a very good agreement with the TEM images of similar nanocubes, thus suggesting that SECM can be used for characterizing the geometry of relatively small (i.e., 10−20 nm) nanoparticles. An important potential advantage of this approach is the possibility of using SECM for kinetic experiments at the same nanoparticle 24 after characterizing its geometry. Similar to our previous experiments with spherical Au nanoparticles, 24 the lateral resolution of SECM imaging in Figure 10B is significantly higher than that in the AFM image ( Figure 8B ) obtained with a typical commercial probe. The image of the cube in Figure 10B is also much sharper than it can be expected to look according to the existing SECM theory. Our COMSOL simulations (Supporting Information) indicate that no sharp edges or corners should be visible in the image of such a nanoparticle obtained with a 10 nm tip, and the top surface of the cube should not look flat. The tentative explanation is that the images of metal nanoparticles obtained with small (∼10 nm) SECM tips are often affected by tunneling between the tip and the nanoparticle. This effect may account for very sharp features in Figure 10 that would not be possible to see from variations in the diffusion current to the tip. Although the imaging mechanism is not completely clear at this time, the shape and size of the nanoparticles in Figure 10 are in very good agreement with TEM results, thus supporting the validity these images. Experiments and modeling are currently underway to better understand this phenomenon that can further improve spatial resolution of SECM imaging.
■ CONCLUSION
We used SECM for nanoscale characterization of the barrier properties of the TPD multilayers electrografted onto HOPG. The effective rate constants extracted from approach curves obtained with micrometer-and nanometer-sized SECM tips positioned over different substrate areas suggested that the TPD film reactivity is spatially uniform. The micro-and nanoscale SECM images of the HOPG/TPD substrates also showed uniform film reactivity. No pinhole defects could be detected using a tip as small as 16 nm radius, thus indicating that the TPD films contain no pores larger than ∼2−3 nm radius. By considering the combination of the decreased surface area available for ET and slow charge propagation through the film, one can explain the relative magnitude of the blocking effect of the TPD multilayer toward different redox mediators [Fe(CN) 6 3/4− , Fc + /Fc, and Ru(NH 3 ) 6 3/2+ ]. The uniformly negative feedback in SECM images of TPD films and current−distance curves obtained with nanometersized tips is essential for imaging of and kinetic studies at the attached metal nanoparticles. The charge transfer through TPD films is too slow to contribute to the tip current during the experiments at the attached nanoparticles, employing 10−20 nm radius tips. Pd nanocubes were anchored to the TPDmodified HOPG surface via thiol groups. This versatile strategy should be useful for binding Au, Pd, or Pt nanoparticles. The Pd nanocubes with the 14 nm edge length were imaged by SECM. Similarly sized spherical Au particles had recently been visualized by SECM, and their radii were determined from the approach curves. 25 Here, we showed that SECM can also be used to characterize the shape of non-spherical nanoparticles. An advantage of this approach is that, after determination of the shape and size of a specific nanoparticle, the SECM tip can probe electrocatalytic processes occurring at its surface 24 and investigate the effects of the size, shape, and attachment on the nanoparticle catalytic activity.
■ ASSOCIATED CONTENT * S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.langmuir.5b03858.
Simulated SECM images of a nanocube, scheme of the simulation domain and related parameter values, formulation of the diffusion problem for SECM of a nanocube, and COMSOL model report (PDF)
